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The mechanisms utilized by Mycobacterium tuberculosis to establish, maintain, or reactivate from latent
infection in the host are largely unknown but likely include genes that mediate adaptation to conditions
encountered during persistence. Previously, a two-component signal transduction system, mprAB, was found to
be required in M. fuberculosis for establishment and maintenance of persistent infection in a tissue- and
stage-specific fashion. To begin to characterize the role of this system in M. tuberculosis physiology and
virulence, a functional analysis of the mpr4 and mprB gene products was initiated. Here, evidence is presented
demonstrating that sensor kinase MprB and response regulator MprA function as an intact signal-transducing
pair in vitro and in vivo. Sensor kinase MprB can be autophosphorylated, can donate phosphate to MprA, and
can act as a phospho-MprA phosphatase in vitro. Correspondingly, response regulator MprA can accept
phosphate from MprB or from small phosphodonors including acetyl phosphate. Mutagenesis of residues
His249 in MprB and Asp48 in MprA abolished the ability of these proteins to be phosphorylated in vitro.
Introduction of these alleles into Mycobacterium bovis BCG attenuated virulence in macrophages in vivo.
Together, these results support a role for the mpr4B two-component system in M. tuberculosis physiology and
pathogenesis. Characterization of two-component signal transduction systems will enhance our understanding

of processes regulated by M. tuberculosis during acute and/or persistent infection in the host.

Persistent Mycobacterium tuberculosis infections afflict nearly
2 billion people worldwide (31). The combination of M. tuber-
culosis reactivation in these individuals and subsequent pri-
mary infection of immunocompromised hosts unable to con-
trol the infection accounts for more than 2.4 million deaths
annually due to tuberculosis (34). This disease is the world’s
leading cause of death due to infection by a single bacterial
agent (24). While the majority of individuals latently infected
with M. tuberculosis do not undergo reactivation of disease,
factors that suppress the host’s immune system, including in-
fection with human immunodeficiency virus, steroid therapy,
malnutrition, and age, can increase the risk of reactivation
tuberculosis to 10% per annum (44). While antitubercular
therapeutics are effective in treating individuals with acute
primary or reactivated tuberculosis infections, these antibiotics
are largely ineffective against M. tuberculosis in the latent
stages of infection (40), a poorly understood disease state char-
acterized by little or no bacterial proliferation and the lack of
overt disease symptoms. With the continuing increase in hu-
man immunodeficiency virus infection in many parts of the
world, the emergence of multidrug-resistant isolates of M. tu-
berculosis (35), and the lack of antitubercular drugs exhibiting
activity against organisms during latent infection, new thera-
peutics targeting persistent bacilli or preventing reactivation
are needed.
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The ability of M. tuberculosis to establish, maintain, and
reactivate from persistent infection is the result of dynamic
interactions between host immune components and survival
strategies employed by the tubercle bacillus. While informa-
tion is known about host factors regulating aspects of M. fu-
berculosis persistence in vivo (6), little is known about the
bacterial factors required for growth and survival during per-
sistent stages of infection. Recently, genes encoding secondary
metabolism systems, cell surface determinants, and transcrip-
tional factors have been implicated in M. tuberculosis persis-
tence in a mouse model system of latent infection (8, 13, 41).
Other genetic determinants, including the two-component sig-
nal transduction systems, also play an important role in latency
and other stages of the M. tuberculosis life cycle (41). Two-
component systems allow organisms to adapt to changing en-
vironmental stimuli through phosphotransfer reactions be-
tween a membrane-localized histidine kinase sensor and a
cytoplasmic response regulator transcription factor. M. tuber-
culosis encodes 11 putative two-component sensor kinase and
response regulator pairs, as well as several unlinked individual
components (3). Expression of some of these systems is in-
duced during in vitro growth of M. tuberculosis in macrophages
(5,9, 42, 43), a location where the tubercle bacillus is likely to
reside in vivo. Thus, the downstream genes regulated by these
systems are likely to be required for aspects of intracellular
growth. Others are required for growth of the tubercle bacillus
during acute stages of infection in a mouse model of tubercu-
losis (5, 32). Interestingly, the pathogenicity of M. tuberculosis
in immunodeficient SCID mice is enhanced following disrup-
tion of some two-component systems, suggesting that these
systems may also regulate genes that suppress intracellular
growth of M. tuberculosis during the early stages of the infec-
tion process (28).



VoL. 71, 2003

CHARACTERIZATION OF M. TUBERCULOSIS MprAB 6963

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains

E. coli DH5« E. coli cloning strain; Amp" Laboratory collection

E. coli BL21 F~ ompT hsdSg(rg™ mg~) gal dem(DE3) Novagen

E. coli BL21(pLysS) F~ ompT hsdSg(rg™ mg~) gal dem(DE3)(pLysS [Cam']) Novagen

M. bovis BCG Pasteur Attenuated laboratory strain ATCC 27291

M. bovis BCG mprA::Km" BCG Pasteur isogenic mutant (defective for expression of mprA and mprB) This study
Plasmids

pTZ215 E. coli-mycobacterial integrative shuttle plasmid carrying wild-type mpr4 and mprB 43

pTZ225 GST-tagged recombinant MprB expression plasmid This study

pTZ229 His,-tagged recombinant MprA expression plasmid This study

pTZ310 Hiss-tagged recombinant MtrA expression plasmid This study

pTZ313 Hisg-tagged recombinant MprA (Asp53-Ala) expression plasmid This study

pTZ324 Hisg-tagged recombinant MprA (Asp48-Ala) expression plasmid This study

pTZ332 GST-tagged recombinant MprB (His249-Gln) expression plasmid This study

pTZ336 pTZ215 carrying mprA (Asp48-Ala) and mprB This study

pTZ339 pTZ215 carrying mprA and mprB (His249-Gln) This study

mprAB encodes a putative M. tuberculosis two-component
system that is important for virulence during persistent stages
of infection (43). Disruption of the mprA response regulator
alters the survival characteristics of M. tuberculosis in macro-
phages in vitro and attenuates the ability of the tubercle bacil-
lus to persist in the lung and spleen during periods of latency
in vivo (43). To begin characterizing further the contribution of
the mprAB system to M. tuberculosis physiology and pathogen-
esis, a functional characterization of the mprA and mprB gene
products was initiated. Results demonstrating that MprB and
MprA function as an intact signal-transducing pair in vitro and
in vivo are presented here. Mutations that alter the phosphor-
ylation sites in these proteins abolish their ability to participate
in phosphotransfer reactions in vitro and attenuate the survival
characteristics of Mycobacterium bovis BCG during in vivo
growth in macrophages.

MATERIALS AND METHODS

Media, bacterial growth conditions, and electrotransformation. Escherichia
coli strains were grown in Luria-Bertani (LB) broth or on LB agar. Mycobacteria
were grown under standard laboratory conditions in Middlebrook 7H9 broth
(Difco) or Middlebrook 7H10 agar medium (Difco) supplemented with 0.5%
glycerol, 10% albumin-dextrose-catalase, and 0.05% Tween 80. All strains were
incubated at 37°C unless noted otherwise. When required, E. coli media were
supplemented with 100 pg of ampicillin/ml, 50 pg of kanamycin sulfate/ml, 20 g
of choramphenicol/ml, or 100 pg of hygromycin B/ml. Mycobacterium media
were supplemented with 25 pg of kanamycin sulfate/ml or 100 pg of hygromycin
B/ml. Antibiotics were purchased from Sigma. Isopropyl-B-p-thiogalactopyrano-
side (IPTG; Invitrogen) was added to E. coli cultures at a concentration of 0.01
mM to induce protein overexpression. Preparation and transformation of elec-
trocompetent E. coli or M. bovis BCG were performed as described previously
(15).

Bacterial strains and plasmids. Bacterial strains and plasmids used in this
study are listed in Table 1. E. coli strain DH5« was used for all cloning proce-
dures. E. coli BL21(DE3) or BL21(DE3)/pLysS (Novagen) was used for over-
expression and purification of recombinant forms of MprA, MprB, or MtrA. M.
bovis BCG Pasteur (ATCC 27291) was also used. The mprA::Km" mutant of
BCG was constructed as described previously (43).

Cl g and purification of MprA, MprB, and MtrA.
pGEX4T-1 (Pharmacia) and pET-15b (Novagen) protein overexpression con-
structs were used to make recombinant forms of MprA, MprB, and MtrA
containing N-terminal fusions to glutathione-S-transferase (GST) and His, tags.
Briefly, the coding sequences of the corresponding genes were amplified from M.
tuberculosis H37Rv genomic DNA by PCR using the following primers (the
indicated restriction endonuclease sites are underlined): mprAstart (5'-GGAT

overexpr

CCGTGTCCGTGCGAATTCTTGTC-3'; BamHI site) and mprAstop (5'-GTC
GACTCAGGGTGGTGTTTCACGTAG-3'; Sall site), mprBtrunstart (5'-GGA
TCCATGACCGAAGCGGCCGAGC-3'; BamHI site) and mprBstop (5'-GAA
TTCCTAGGTTGCGCGCGTGGAC-3'; EcoRlI site), and mtrAstart (5'-TGAT
CAAGGCAAAGGATTTTCCTCGT-3'; Bcll site) and mtrAstop (5'-TGATCA
TCACGGAGGTCCGGCCTTGT-3'; Bcll site). Primers mprBtrunstart and
mprBstop amplify a truncated form of mprB encoding a protein that lacks the
predicted N-terminal periplasmic domain and transmembrane region (amino
acids 196 to 504). This truncated form was used to avoid potential toxicity
resulting from overexpression of full-length mprB (11). The QuikChange and
QuikChange XL site-directed mutagenesis kits (Stratagene) were used to con-
struct mutant alleles of mpr4 or mprB containing point mutations in putative
sites of phosphorylation. The mprA (Asp53-Ala) allele was generated using the
following primers (altered nucleotides are underlined): mprAseq8 (5'-TCATG
ACAGCCAGGACCAACGCGTCG-3") and mprAseq9 (5'-GGTCCTGGCTG
TCATGATGCCGCGGCT-3"). The mprA (Asp48-Ala) allele was generated us-
ing the following primers (altered nucleotides are underlined): mprAseq10 (5'-
GCGATCGCCCCGCCGCGTTGGTCCTG-3") and mprAseqll (5'-CAGGAC
CAACGCGGCGGGGCGATCGC-3"). The mprB (His249-Gln) allele was
generated using the following primers (altered nucleotides are underlined):
mprBseq8 (5'-CGACGCCGGACAATTGCGTACCC-3') and mprBseq9 (5'-G
GGTACGGCAATTCTTGTCCGGCGTCG-3'). Constructs were sequenced to
confirm the presence of desired mutations and proper orientation. To express
recombinant MprA, MprB, and MtrA, BL21(DE3) or BL21(DE3)/pLysS cul-
tures containing overexpression constructs were grown overnight on selective LB
agar medium, resuspended into LB containing the appropriate antibiotic, grown
to mid-exponential phase (optical density at 600 nm of 0.5), and induced for 3 h
in the presence of IPTG. Induced cultures were purified by affinity chromatog-
raphy over a glutathione-agarose column (for GST tags) or a nickel nitrilotri-
acetic acid-agarose column (for His, tags) as recommended by the manufacturer.
To prepare cell extracts for chromatography, whole cell pellets were resuspended
in lysis buffer (40 mM Tris [pH 7.6], 150 mM NaCl, 10 mM EDTA, 0.1%
B-mercaptoethanol, 10 pg of DNase/ml, 10 pg of RNase/ml, 20 pg of leupeptin/
ml, 10 pg of aprotinin/ml, and 1 mM phenylmethylsulfonide), passaged through
a French press, and centrifuged at 31,000 X g for 30 min. Supernatants contain-
ing the soluble fraction were collected and loaded onto the appropriate agarose
column and washed, and tagged fusion proteins were eluted with 10 mM reduced
glutathione (GST-tagged proteins) or with 250 mM imidazole (His,-tagged pro-
teins). Cellular supernatants and protein eluates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5% poly-
acrylamide gels and stained with Coomassie brilliant blue.

In vitro autophosphorylation and transphosphorylation reactions. Protein
autophosphorylation reactions with wild-type GST-cMprB or the GST-cMprB
(His249-Gln) mutant were carried out for 10 min at room temperature in auto-
phosphorylation buffer (50 mM Tris-HCI [pH 7.6], 50 mM KCI) supplemented
with MgCl,, MnCl,, or CaCl, at a final concentration of 20 mM. Reactions were
initiated by the addition of [y-*P]ATP or [a->*P]ATP (10 mCi/ml, 3,000 Ci/
mmol; Perkin-Elmer). For transphosphorylation reactions, wild-type His-MprA,
His-MprA (Asp53-Ala), His-MprA (Asp48-Ala), or wild-type His-MtrA was
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added in 10-fold molar excess to the autophosphorylation reaction mixture
containing GST-phospho-cMprB and the mixture was incubated for up to an
additional 30 min at 37°C. To stop reactions, samples were incubated with 2X
loading dye and heated at 95°C for 5 min. Proteins were subjected to SDS-PAGE
on 15% polyacrylamide gels and either stained with Coomassie brilliant blue to
confirm equivalent protein loadings or transferred onto an Immobilon-P mem-
brane (Millipore) by electroblotting and exposed to BioMAX MR film (Kodak)
overnight. When required, membranes were also subjected to immunoblot anal-
ysis using rabbit antiserum generated to M. tuberculosis MprA or cMprB in which
N-terminal tags had been cleaved. Donkey anti-rabbit immunoglobulin G con-
jugated to horseradish peroxidase (Amersham) was used as the secondary anti-
body. ECL (Pierce) was used to visualize antibodies bound to membrane.

Phosphorylation with acetyl phosphate and resolution by 2D gel electrophore-
sis. His-MprA phosphorylation by acetyl phosphate was investigated using two-
dimensional (2D) gel electrophoresis. Purified wild-type His-MprA, His-MprA
(Asp53-Ala), or His-MprA (Asp48-Ala) was added to phosphorylation buffer
supplemented with 20 mM MgCl, and 10 mM acetyl phosphate, and mixtures
were incubated at 37°C for 30 min. To analyze the phospho-MprA phosphatase
activity of GST-cMprB, His-MprA phosphorylation reaction mixtures were in-
cubated for an additional 30 min at 37°C in the presence of an equimolar amount
of wild-type GST-cMprB or the GST-cMprB (His249-Gln) mutant. Reactions
were stopped by the addition of 3 volumes of 100% ice-cold acetone, and
mixtures were incubated at —20°C overnight. Precipitated protein was collected
by centrifugation, washed with 1 volume of 100% ice-cold acetone, and allowed
to air dry. The protein pellet was suspended in 250 pl of rehydration solution (8
M urea, 2% [wt/vol] CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate}, and trace amounts of bromophenol blue) containing 6 mg of
dithiothreitol and 0.5% immobilized pH gradient (IPG) buffer (Pharmacia).
Isoelectric focusing resolved proteins according to their pls in the first dimension
by using a 7- or 11-cm IPG strip (pH 4.0 to 7.0; Pharmacia) and a Protean
isoelectric focusing cell (Bio-Rad) as recommended by the manufacturers. Pro-
tein samples were allowed to undergo passive rehydration for 12 h at 20°C before
being focused at 500 V for 250 V - h, 1,000 V for 500 V - h, and 8,000 V for 5,000
V - h at 20°C. Proteins were resolved according to molecular mass in the second
dimension by SDS-PAGE using 15% polyacrylamide gels. Briefly, focused IPG
strips were incubated for 15 min at room temperature in SDS equilibration buffer
(50 mM Tris-HCI [pH 8.8], 6 M urea, 30% glycerol, 2% SDS, trace amounts of
bromophenol blue) containing 5 mg of dithiothreitol and subsequently for 15 min
at room temperature in SDS equilibration buffer containing 125 mg of iodoac-
etamide. Equilibrated strips were cut to size, loaded onto polyacrylamide gels,
and resolved by SDS-PAGE. Proteins were visualized by staining with Coomassie
brilliant blue. The apparent pls of focused proteins were determined by com-
parison against a control gel containing focused 2D SDS-PAGE protein stan-
dards (Bio-Rad).

J774A macrophage infection assays. Derivatives of M. bovis BCG were used to
infect the murine J774A macrophage cell line (ATCC TIB-67). Bacteria used for
infections were grown under static conditions and processed prior to infection as
described previously (42). Monolayers were cultured in Dulbecco’s modified
Eagle’s medium (Bio Whittaker) supplemented with 10% fetal bovine serum
(Omega Scientific) and 4 mM L-glutamine (Invitrogen) at 37°C in humidified air
containing 5% CO,. Twelve-well tissue culture plates (Corning) seeded with 10°
macrophages/well were infected with mycobacteria at a multiplicity of infection
of 10. Macrophages were allowed to ingest bacteria for 2 h before extracellular
bacilli were removed by three washes in phosphate-buffered saline (pH 7.2). At
specific times after infection (2 h and 1, 3, and 5 days), macrophage monolayers
were lysed with sterile water containing 0.05% Tween 80. Bacterial survival was
determined by diluting macrophage lysates in sterile water containing 0.05%
Tween, plating them onto 7H10 medium, and incubating them for 3 to 4 weeks
at 37°C. The percentages of bacteria surviving at different time points were
determined by counting CFU and normalizing to the number of CFU at the
initial time point (2 h), which was set at 100%. Equivalent numbers of bacteria
(~10°) were recovered from all strains at the initial 2-h time point (data not
shown), and no apparent damage to monolayers was observed during the course
of infection. Tissue culture media were replenished after 3 days or as required.
In vitro growth curve studies performed in parallel did not show significant
differences in in vitro growth rates between any of the BCG derivatives examined
(data not shown).

Densitometric and statistical analysis. NIH Image (version 1.62; National
Institutes of Health) was used to quantify the relative intensities of MprA or
MprB proteins. All statistical analyses (analysis of variance and Fisher’s pro-
tected least-significant difference) were performed with ANOVA (version 1.11;
Abicus Software).
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FIG. 1. In vitro autophosphorylation of GST-cMprB derivatives.
(A) Purified GST-cMprB was incubated in the presence of [y->*P]ATP
(lanes 1, 3, 5, and 7) or [a-**P]ATP (lanes 2, 4, 6, and 8) and divalent
cations including Mg*>* (lanes 1 and 2), Mn** (lanes 3 and 4), and
Ca** (lanes 5 and 6) or in the absence of metal (lanes 7 and 8).
(B) Wild-type GST-cMprB (lanes 1 to 4) or the GST-cMprB (His249-
Gln) mutant (lanes 5 to 8) was incubated in the presence of
[y-**P]ATP and Mg>" (lanes 1 and 5), Mn®* (lanes 2 and 6), or Ca®*
(lanes 3 and 7) or in the absence of divalent cations (lanes 4 and 8).
Phosphorylation of wild-type or mutant GST-cMprB was detected by
autoradiography, and polyclonal antibody directed against cMprB was
used in Western blotting to confirm similar loading amounts between
reactions.

Nucleotide sequence accession number. The sequence for the mprAB region
from M. bovis BCG Pasteur has been deposited in GenBank under accession
number AF490842.

RESULTS

Phosphorylation of MprB and MprA. Sensor kinase MprB
and response regulator MprA are predicted to express a func-
tional two-component signal transduction system (3). To de-
termine whether these components work as an intact signal-
transducing pair, the mprB and mprA genes from M.
tuberculosis H37Rv were cloned into constructs expressing N-
terminally GST- or Hise-tagged fusion proteins and the pro-
teins were overexpressed in E. coli, purified, and tested for the
ability to participate in phosphorylation reactions in vitro. An
N-terminally truncated form of MprB lacking the amino-ter-
minal periplasmic domain and membrane-spanning region
(amino acids 196 to 504) was used for these reactions, as
overexpression of full-length histidine sensor kinase genes is
often toxic (11, 12). This truncated protein, called GST-
cMprB, was soluble in E. coli and was obtained at ~90%
homogeneity by glutathione Sepharose chromatography (data
not shown). The remaining ~10% of protein that was copuri-
fied predominantly comprised three truncated forms of GST-
cMprB that retained reactivity with polyclonal antibodies di-
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FIG. 2. Transphosphorylation between GST-cMprB and M. tuberculosis response regulators. Wild-type GST-cMprB was autophosporylated
with [y-*P]ATP and then incubated in the absence of other proteins (lanes 1 and 2) or in the presence of wild-type His-MprA (lanes 3 to 7), the
His-MprA (Asp48-Ala) mutant (lanes 8 to 12), or wild-type His-MtrA (lanes 13 to 17). Transphosphorylation reactions were allowed to proceed
for 0 min (lanes 1, 3, 8, and 13), 5 min (lanes 4, 9, and 14), 10 min (lanes 5, 10, and 15), 20 min (lanes 6, 11, and 16), or 30 min (lanes 2, 7, 12,
and 17). Closed arrows indicate the locations of full-length GST-cMprB and response regulator proteins. Open arrows indicate the locations of
truncated (trunc.) forms of GST-cMprB. The asterisk indicates the position of phosphorylated His-MprA species. Transfer of radiolabel from
GST-cMprB to response regulator proteins was detected by autoradiography. WT, wild type.

rected against both GST and MprB. In contrast, full-length
MprA containing an N-terminal His, tag was soluble in E. coli
and was obtained at greater than 99% homogeneity (data not
shown).

Autophosphorylation of recombinant GST-cMprB in the
presence of [y->*P]ATP was assessed using a standard kinase
assay. GST-cMprB was readily phosphorylated when incubated
in the presence of divalent cations Mg?* and Mn** (Fig. 1A,
lanes 1 and 3) but exhibited little autophosphorylation when
incubated in the presence of Ca®" or in the absence of divalent
cation (Fig. 1A, lanes 5 and 7). To determine whether the vy
phosphate of ATP was utilized by GST-cMprB in these reac-
tions, MprB kinase reactions were repeated using [a->*P]ATP
as the substrate. In these reactions, GST-cMprB phosphoryla-
tion was observed at low levels in the presence of Mn** (Fig.
1A, lane 4) but was not observed in the presence of Mg?" or
Ca?" or in the absence of divalent cations (Fig. 1A, lanes 2, 6,
and 8). Thus, GST-cMprB possesses kinase activity and re-
quires Mg®" or Mn®" as a cofactor for autophosphorylation.

As sensor kinase proteins typically participate in phospho-
transfer reactions with their cognate response regulator part-
ners, transfer of radiolabeled phosphate from GST-cMprB to
His-MprA was also investigated. Addition of recombinant
MprA to phosphorylated GST-cMprB resulted in loss of the
radiolabel from GST-cMprB concomitant with a small, but
reproducible, incorporation into His-MprA (Fig. 2, lanes 3 to
7). Transfer of the labeled phosphoryl group from GST-cMprB
was observed immediately after addition of His-MprA and
continued for the first 5 min of incubation, after which no
additional transfer was observed. Loss of radiolabel from GST-
phospho-cMprB was not simply the result of protein instability,
as similar amounts of phosphorylated GST-cMprB protein
were observed over the 30-min time course when incubation
was in the absence of His-MprA protein (Fig. 2, compare lanes
1 and 2). Incorporation of radiolabeled phosphate into His-
MprA in these reactions was also not simply the result of
autokinase activity, as phosphorylation was not observed fol-

lowing incubation of His-MprA with [y->*P]-ATP and divalent
cations alone (data not shown). Thus, GST-cMprB is a kinase
for response regulator His-MprA in vitro.

Because some two-component signal transduction systems
engage in cross talk with other sensor kinase and response
regulator pairs (1, 10, 20, 26), transfer of phosphate from
GST-cMprB to a noncognate response regulator from M. tu-
berculosis was also investigated. The MtrA response regulator
protein was chosen as a control for these assays, as MtrA has
been previously overexpressed, purified, and shown to partic-
ipate in phosphorylation reactions in vitro (39). Following in-
cubation of His-MtrA with phosphorylated GST-cMprB, loss
of *?P from GST-cMprB or concomitant incorporation of ra-
diolabeled phosphate into His-MtrA was not observed over the
time course examined (Fig. 2, lanes 13 to 17). The inability to
observe phosphorylation in these reactions was not simply due
to an inability of His-MtrA to be phosphorylated, as phosphor-
ylation of His-MtrA could be observed following the addition
of acetyl phosphate (data not shown). Thus, transfer of phos-
phate from GST-cMprB to His-MprA in these reactions is
specific between this sensor kinase and response regulator pair.

Phosphorylation of MprA by small phosphodonor com-
pounds. Although transfer of phosphoryl groups to response
regulator proteins proceeds from their cognate sensor kinase
partners, response regulator proteins can also be phosphory-
lated, albeit at lower efficiency, with small phosphodonor com-
pounds such as acetyl phosphate (22, 37). To determine
whether this was also a characteristic of His-MprA, MprA
phosphorylation reactions were performed using acetyl phos-
phate as a donor substrate. Phosphorylation of His-MprA with
acetyl phosphate was evaluated using 2D gel electrophoresis,
as addition of a phosphoryl group shifts the pI of a given
protein by 0.2 U towards the acidic side (16). In the absence of
acetyl phosphate, recombinant MprA focused predominantly
as a single protein species with a calculated pI of ~6.0 (Fig.
3A). This is in good agreement with the predicted pI of 6.1 for
His-MprA in the unphosphorylated form. A small fraction of
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Row Protein

Unshifted

- A cetyl Phosphate

Shifted

I His-MprA WT 71.4%+1.1%
I His-MprA (Asp48-Ala) 64.3%+2.1%

I His-MprA (AspS3-Ala) 78.3%5.7%

28.7%+1.1%

35.8%+2.1%

21.7%+5.7%

+ A cetyl Phosphate Product Significance
Formed
Unshifted Shifted
47.4%+10.9% 52.6%+109%  23.9% p=0.0081
66.6%+1.3%  33.4%=£1.3% -2.3% p=0.7478
48.0%+3.5%  52.1%%3.5% 30.4% p=0.0010

FIG. 3. Phosphorylation of His-MprA with acetyl phosphate and resolution by 2D gel electrophoresis. Wild-type His-MprA was incubated in
the absence (A) or presence (B) of acetyl phosphate. His-MprA protein was separated according to charge (pI) and molecular mass by 2D gel
electrophoresis. Unphosphorylated (closed arrowheads) and phosphorylated (open arrowhead) forms of His-MprA were quantitated by densi-
tometry, and the amount of product formed was determined (C). The mean and standard error for each category were determined from results
of three independent reactions, each run on individual 15% polyacrylamide gels. Significance refers to the comparison between the amount of
His-MprA in the shifted form (pI 5.8) following incubation with acetyl phosphate and the amount of His-MprA in the shifted form (pI 5.8)

following incubation in the absence of acetyl phosphate. WT, wild type.

His-MprA also focused at a pI of ~5.8 in these reactions (Fig.
3A), which is similar to the predicted pl of His-MprA in the
phosphorylated form. Because this protein species was ob-
served with all recombinant MprA derivatives tested in the
absence of acetyl phosphate, including those incapable of un-
dergoing phosphorylation, this protein species likely represents
a conformeric form of unphosphorylated His-MprA that fo-
cuses at a slightly altered pI. This phenomenon has also been
reported following isoelectric focusing of other purified pro-
teins (18). In contrast, recombinant MprA focused as two pre-
dominant protein species following incubation with acetyl
phosphate. In these reactions, a His-MprA species that fo-
cused at pI 6.0 and another that focused at pl 5.8 were ob-
served (Fig. 3B). To determine whether this apparent shift in
the pI of His-MprA following incubation with acetyl phosphate
was statistically significant, relative amounts of protein at each
pl were determined by densitometry. In the absence of acetyl
phosphate, 71.4% = 1.1% of His-MprA was present in the
unshifted form (pI 6.0) and 28.7% = 1.1% of His-MprA was
present at the shifted pI (pI 5.8) (Fig. 3C, row I). In contrast,
474% =+ 10.9% of His-MprA was present in the unshifted
form and 52.6% = 10.9% of His-MprA was present at the
shifted pI following incubation with acetyl phosphate (Fig. 3C,
row I). Thus, incubation with acetyl phosphate results in con-
version of approximately 23.9% of His-MprA from the un-

phosphorylated form into the phosphorylated form (P =
0.0081).

Sites of MprB and MprA phosphorylation. Phosphorylation
of sensor kinase and response regulator proteins typically oc-
curs at highly conserved residues. For sensor kinases, phos-
phorylation occurs at an invariant histidine, while response
regulators are generally phosphorylated at a conserved aspartic
acid. To define sites of phosphorylation in MprB and MprA,
site-directed mutagenesis was performed and purified mutant
protein derivatives were tested for the ability to be phosphor-
ylated in vitro. Residues His249 in GST-cMprB and Asp53 in
His-MprA were chosen for mutagenesis, as these amino acids
are potential sites of phosphorylation based on sequence align-
ment with other sensor kinases and response regulators from
this family (data not shown). In contrast to that of wild-type
GST-cMprB, autophosphorylation of the GST-cMprB
(His249-GIn) mutant was not observed when the protein was
incubated in the presence of [y->’P]JATP under any condition
examined (Fig. 1B). This failure was not the result of protein
instability, as both wild-type and mutant cMprB were detected
by Western blotting using polyclonal antibody directed against
cMprB (Fig. 1B). Thus, His249 is required for phosphorylation
in GST-cMprB.

The ability of the His-MprA (Asp53-Ala) mutant to be phos-
phorylated was also investigated. In assays utilizing both phos-
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FIG. 4. Phospho-MprA dephosphorylation by GST-cMprB. Wild-type His-MprA was incubated in the presence of acetyl phosphate (AP) for
30 min to induce phosphorylation. Reaction mixtures containing His-phospho-MprA were then incubated alone (A), in the presence of wild-type
GST-cMprB (B), or in the presence of the GST-cMprB (His249-GlIn) mutant (C) for an additional 30 min. Unphosphorylated (closed arrowheads)
and phosphorylated (open arrowheads) forms of His-MprA were quantitated by densitometry, and the amount of phosphorylated product
remaining was determined (D). The mean and standard error for each category were determined from results of three independent reactions, each
run on individual 15% polyacrylamide gels. Significance refers to the comparison between the amount of His-MprA remaining in the shifted form
(pI 5.8) following incubation with wild-type GST-cMprB and the amount of His-MprA in the shifted form (pl 5.8) following incubation with the

GST-cMprB (His 249-Gln) mutant. WT, wild type.

phorylated GST-cMprB (data not shown) and acetyl phos-
phate (Fig. 3C, row III) as substrates, phosphorylation of the
His-MprA (Asp53-Ala) mutant was still observed, suggesting
that Asp53 is not the primary site of phosphorylation in MprA.
As a second aspartic acid residue is present in close proximity
at position 48 in MprA, site-directed mutagenesis at this resi-
due was also performed and phosphorylation reactions were
repeated. In contrast to wild-type His-MprA and the His-
MprA (Asp53-Ala) mutant, His-MprA (Asp48-Ala) was un-
able to be phosphorylated when incubated in the presence of
either GST-phospho-cMprB or acetyl phosphate. For example,
GST-cMprB was unable to transfer its **P-radiolabeled phos-
phoryl group to the His-MprA (Asp48-Ala) mutant (Fig. 2,
lanes 8 to 12), and no observable shift in the pl of mutant
His-MprA (Asp48-Ala) following incubation with acetyl phos-
phate was detected (P = 0.7478) (Fig. 3C, row II). Thus, Asp48
is required for His-MprA to be phosphorylated by GST-cMprB
and acetyl phosphate.

MprB possesses phospho-MprA phosphatase activity. In ad-
dition to kinase and phosphotransferase activities, many histi-
dine kinases also facilitate dephosphorylation of their cognate
response regulators (36, 37). While His-MprA phosphorylation
was detected when His-MprA was incubated in the presence of
acetyl phosphate (Fig. 3A), transphosphorylation of His-MprA
was not readily observed when this protein was incubated in
the presence of GST-phospho-cMprB (Fig. 2, lanes 3 to 7). To
determine whether this discrepancy could be attributed to

phosphatase activity associated with GST-cMprB, the ability of
GST-cMprB to dephosphorylate His-MprA was investigated.
As observed previously, incubation of His-MprA with acetyl
phosphate resulted in a significant shift of the protein to its
phosphorylated form at pI 5.8 (Fig. 4A). The subsequent ad-
dition of wild-type GST-cMprB to these reaction mixtures re-
sulted in the transition of His-MprA back to its unphosphor-
ylated form at pI 6.0 (Fig. 4B). For example, while 52.6% =
10.9% of His-MprA focused at pI 5.8 when the protein was
incubated in the absence of cMprB (Fig. 4D, row I), only
38.5% * 1.8% of His-MprA focused at this pl following addi-
tion of cMprB to these reaction mixtures (P = 0.0371) (Fig.
4D, row II). Thus, addition of GST-cMprB induces the de-
phosphorylation of His-phospho-MprA. As amino acid resi-
dues responsible for phosphatase activity in sensor kinase pro-
teins have been shown to overlap those residues involved in the
proteins’ kinase activity (14), the ability of the GST-cMprB
(His249-GIn) mutant to dephosphorylate His-MprA was also
tested. In contrast to that of wild-type GST-cMprB, addition of
the GST-cMprB (His249-Gln) mutant did not result in dephos-
phorylation of His-MprA in these reactions (Fig. 4C). Rather,
the relative amount of phosphorylated His-MprA remained at
levels similar to those observed when His-MprA was incubated
in the absence of GST-cMprB (P = 0.8468) (Fig. 4D, row III).
Thus, MprB functions as a phospho-MprA phosphatase and
this activity requires residue His249.
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FIG. 5. Survival of M. bovis BCG derivatives in macrophages. J774
macrophages were infected with various BCG derivatives for 2 h or 1,
3, or 5 days. Numbers of CFU were determined from infected macro-
phages at each time point and were normalized to the 2-h time point
numbers that were set as 100%. Strains examined included wild-type
BCG Pasteur (closed squares), the isogenic mpr4::Km" mutant (dia-
monds), the mprA4::Km" mutant complemented with wild-type mprA
and wild-type mprB (pTZ215) in trans (circles), the mpr4::Km" mutant
complemented with wild-type mprA and mprB (His249-Gln) (pTZ339)
in trans (triangles), and the mpr4A:Km" mutant complemented with
mprA (Asp48-Ala) and wild-type mprB (pTZ336) in trans (open
squares). The means and standard errors of results from three inde-
pendent infections are shown.

In vivo analysis of MprB and MprA phosphorylation site
mutants. Because our phosphorylation data suggested a role
for His249 and Asp48 in the activity of MprB and MprA,
respectively, in vitro, the importance of these residues in vivo
was examined. Mutant alleles of mprB and mprA containing
the His249-GIn and Asp48-Ala substitutions were generated by
mutagenic PCR in plasmid pTZ215 (43), an integrative Myco-
bacterium-E. coli shuttle plasmid containing wild-type mprA
and mprB under control of its own promoter. Plasmid con-
structs were introduced into an mprA4::Km" mutant strain of M.
bovis BCG, a derivative defective for expression of both mprA
and mprB, and resulting recombinants were evaluated. The
physiological consequences of these mutations were examined
using a macrophage infection assay, as mprA expression is
induced in BCG during growth in macrophages (43) and dis-
ruption of mprA alters the growth characteristics of M. tuber-
culosis H37Rv in macrophages in vitro and in an animal model
system of infection in vivo (43). Wild-type BCG-infected J774
macrophages exhibited a >10-fold increase in numbers of
CFU after 5 days of growth (Fig. 5). In contrast, numbers of
CFU of the BCG mprA::Km" mutant in J774 macrophages
increased by <2.5-fold over the same time period (P = 0.0001)
(Fig. 5). Thus, disruption of mprA attenuates M. bovis BCG
growth in macrophages. To test whether the observed growth
attenuation was a direct result of mprA disruption, macro-
phages were also infected with a BCG mprA::Km" mutant
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derivative expressing wild-type mprA and mprB in single copy
in trans (pTZ215). Numbers of CFU of this strain increased by
5.7-fold after 5 days of incubation in macrophages, and this
increase partially restored growth to wild-type levels (Fig. 5).
The inability to observe full complementation in this strain
may be due to expression of wild-type mprA and mprB at an
exogenous site in the chromosome, as similar results were also
observed during growth of an M. tuberculosis H37Rv
mprA::Km" mutant containing pTZ215 in both J774 and mu-
rine bone marrow-derived macrophages in vitro (43). Impor-
tantly, attenuation in BCG growth was also observed following
infection of J774 macrophages with BCG mprA::Km" deriva-
tives containing alleles of mprB (wild-type mprA and mprB
[His249-GlIn] [pTZ339]) or mprA (mprA [Asp48-Ala] and wild-
type mprB [pTZ336]) that had been mutated at phosphoryla-
tion sites. In these infections, BCG mutants exhibited severe
attenuation in growth during the 5-day course of infection and
failed to restore growth to wild-type levels [P values of 0.3102
and 0.4840 for BCG mprA::Km"(pTZ339) and BCG
mprA::Km"(pTZ336), respectively, relative to the BCG
mprA::Km" mutant parent 5 days after infection] (Fig. 5). Thus,
site-directed mutations that replace His249 and Asp48 in
MprB and MprA, respectively, attenuate growth of M. bovis
BCG in macrophages in vitro.

DISCUSSION

Two-component signaling systems regulate various bacterial
processes, including respiration, metabolism, development,
and drug resistance. In pathogenic bacteria, these systems also
regulate expression of virulence determinants, allowing organ-
isms to rapidly adapt to changing environmental conditions
encountered within the host. In M. tuberculosis, several two-
component systems have been shown to participate in various
stages of the bacillus’s intracellular life cycle (41). To date, only
one M. tuberculosis two-component system has been character-
ized in detail. This system, devR (dosR) and devS (Rv3132c), is
activated by hypoxic conditions and regulates many of the
genes induced by M. tuberculosis during growth in environ-
ments with low O, levels (29). In BCG, DevR is required for
long-term hypoxic survival (2), and in Mycobacterium smegma-
tis, DevR acts as a stationary phase regulator required for
adaptation to oxygen starvation and resistance to heat stress
(27). Thus, the dosR-Rv3132c system regulates gene expression
in response to low O, levels and likely plays a role in the
transition of M. tuberculosis in vivo from active growth to
nonreplicating persistence (40). In a first step towards under-
standing the role of another two-component signal transduc-
tion system, that of mprA and mprB, in M. tuberculosis patho-
genesis, a functional analysis of the gene products encoded by
this system has been carried out.

Based on sequence alignment, MprB and MprA are grouped
into the E. coli EnvZ-OmpR subfamily of two-component sig-
naling systems (30). MprB contains two major hydrophobic
membrane-spanning regions in its N-terminal region and the
highly conserved H, N, D or F, and G boxes in the C-terminal
region that are typical of sensor kinase proteins from this
family. Similarly, MprA possesses the conserved receiver do-
main motif in its N terminus as well as the winged helix-turn-
helix DNA-binding motif in its C terminus found primarily in
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transcription factors from the OmpR-RO;; subclass of re-
sponse regulator proteins (19). Several lines of evidence sup-
port a role for MprA and MprB in phosphorylation-mediated
processes characteristic of two-component signaling systems.
First, purified recombinant MprB possesses kinase activity and
undergoes autophosphorylation in vitro at a conserved histi-
dine residue (His249). Similar to that of many characterized
sensor kinase proteins, MprB autophosphorylation is stimu-
lated in the presence of Mg?". However, phosphorylation also
proceeds efficiently in the presence of Mn?*, a characteristic
limited to a subset of sensor kinase proteins, including TrcS of
M. tuberculosis (11), FrzE and AsgA of Myxococcus xanthus
(17, 23), and FixL of Rhizobium meliloti (7). Second, purified
recombinant MprA undergoes phosphorylation at a conserved
aspartic acid residue (Asp48) in vitro when incubated in the
presence of its recombinant cognate sensor kinase partner
MprB or acetyl phosphate. Interestingly, identification of res-
idue 48 as the site of MprA phosphorylation is not consistent
with predictions specifying the phosphorylated residue based
on sequence alignment of MprA with OmpR and other re-
sponse regulators from the ROy, subclass. In these proteins,
the invariant aspartic acid residue at position 53, an amino acid
that is also conserved in MprA, defines the phosphorylation
site (4). The ability of recombinant MprA to be phosphory-
lated in the absence of its cognate sensor kinase partner adds
this protein to the growing list of response regulators that can
be phosphorylated by small phosphodonor compounds.
While both recombinant MprB and MprA alone participate
in reactions typical of members of the two-component family,
it has been difficult to demonstrate that these proteins function
as an intact signal-transducing pair to exchange phosphate in
vitro. While radiolabeled phosphate is lost from GST-cMprB
in transphosphorylation reactions in an MprA-dependent
manner, only a minor amount of radiolabel is incorporated
into His-MprA (Fig. 2). In many two-component systems of the
EnvZ-OmpR family, transfer of radiolabeled phosphate be-
tween the sensor kinase and the cognate response regulator is
readily observed in vitro (21, 25, 38). However, phosphotrans-
fer reactions between other sensor kinase and response regu-
lator pairs can proceed faster than what can be experimentally
observed (33). Several possibilities may explain our inability to
readily detect phosphorylation of His-MprA by GST-phospho-
cMprB in vitro. (i) Purified His-MprA protein used in these
assays may not be active to accept phosphate from GST-
cMprB. This possibility is unlikely considering the observation
that approximately 25% of His-MprA can be phosphorylated
by acetyl phosphate (Fig. 3C), a reaction that is considerably
less efficient than phosphotransfer between sensor kinase and
response regulator pairs (37). Furthermore, loss of radiola-
beled phosphate from GST-cMprB is still observed in these
reactions following the addition of recombinant MprA (Fig. 2),
suggesting that His-MprA remains functionally able to interact
with its sensor kinase partner in vitro. In addition, removal of
the His, tag from recombinant MprA or incubation with re-
combinant GST-MprA does not result in increased transfer of
radiolabeled phosphate from GST-phospho-cMprB to MprA
(data not shown). (ii) Recombinant MprA may also possess
autophosphatase activity (36, 37). Although His-MprA may
contain low-level autophosphatase activity, this possibility is
also unlikely considering that a significant amount of His-
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MprA remains phosphorylated when the protein is incubated
in the absence of other proteins (Fig. 3B and 4A). (iii) The
inability to readily detect phosphorylated His-MprA following
incubation with GST-phospho-cMprB may also be attributed
to phosphatase activity associated with GST-cMprB. We be-
lieve this model to be correct as incubation of wild-type GST-
cMprB but not that of the GST-cMprB (His249-Gln) mutant
results in significant conversion of His-MprA from its phos-
phorylated form into its unphosphorylated form (Fig. 4C).
Therefore, although GST-cMprB may be capable of donating
phosphate to His-MprA in transphosphorylation reactions in
vitro, His-phospho-MprA appears to be short lived due to the
phospho-MprA phosphatase activity associated with GST-
cMprB. Thus, the MprB phosphatase activity may drive the
phosphotransfer equilibrium for this system.

Apart from the importance of His249 and Asp48 in MprB
and MprA activity in vitro, these residues are also important
for the biological function of this two-component system in
vivo. Disruption of mprA, or introduction of mprA and mprB
alleles containing mutations in phosphorylation sites, signifi-
cantly attenuates the ability of M. bovis BCG to grow intracel-
lularly in macrophages. While the exact mechanisms responsi-
ble for this attenuation are currently under investigation, the
requirement for MprB and MprA to participate in phospho-
transfer reactions in vivo underscores the importance of this
system for aspects of Mycobacterium pathogenesis. Interest-
ingly, the observation that mutations in mprA and/or mprB
attenuate the intracellular growth of BCG in macrophages
contradicts the phenotype previously observed during intracel-
lular growth of the M. tuberculosis H37Rv mprA mutant in
macrophages (43). In these studies, disruption of mpr4 en-
hanced the ability of this strain to grow in J774 macrophages
relative to that of wild-type M. tuberculosis H37Rv or a com-
plemented M. tuberculosis mprA::Km* mutant. While the rea-
sons for this discrepancy remain unclear, differences in mprA
expression or regulation may, in part, contribute to the differ-
ences in growth characteristics observed between these strains
(43). In support of this idea, the sequence of the mprAB region
in M. bovis BCG Pasteur (GenBank accession no. AF490842)
differs slightly from that found in M. tuberculosis H37Rv (data
not shown) and microarray analyses performed with wild-type
and mprA::Km" mutant strains of both M. tuberculosis H37Rv
and M. bovis BCG suggest that MprA may regulate different
subsets of genes in these strains (V. K. Singh and T. C. Zahrt,
unpublished data). Regardless, mutations in the mprAB two-
component system alter the survival characteristics of Myco-
bacterium species both in vitro and in vivo.

The demonstration that MprB and MprA function as an
intact two-component signal-transducing pair is the first step
towards understanding the role that this system plays in M.
tuberculosis physiology and pathogenesis. Continued character-
ization of two-component signaling systems such as mpr4B in
M. tuberculosis will continue to provide new insights into the
conditions encountered by the tubercle bacillus within the host
as well as the genes required for its survival.
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